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ABSTRACT
FORCE is a 1.2 tonnes small mission dedicated for wide-band fine-imaging x-ray observation. It covers from 1
to 80 keV with a good angular resolution of 15′′ half-power-diameter. It is proposed to be launched around mid-
2020s and designed to reach a limiting sensitivity as good as FX(10− 40 keV) = 3× 10
−15 erg cm−2 s−1 keV−1
within 1 Ms. This number is one order of magnitude better than current best one. With its high-sensitivity wide-
band coverage, FORCE will probe the new science field of “missing BHs”, searching for families of black holes
of which populations and evolutions are not well known. Other point-source and diffuse-source sciences are also
considered. FORCE will also provide the “hard x-ray coverage” to forthcoming large soft x-ray observatories.
Keywords: X-ray observatory, FORCE, hard X-ray, CXB, black hole
1. INTRODUCTION
X-ray imaging spectroscopy with wide band coverage provides vital information on high energy phenomena in the
universe. With better angular resolution, dimmer point sources can be detected, and detailed structure of diffuse
sources can be identified. With wider energy coverage, emission mechanisms of x-rays and its physical parameters
can be well estimated, and therefore the nature of the source becomes clearer. For example, x-ray spectra of
typical nearby active galactic nuclei (AGN) composes of; a soft-excess component and absorption features at
< 1 keV , power-law (PL) like component around 2–10 keV, the Iron fluorescence K-line emission structure
around ∼ 6 keV from reflected components, and the Compton hump of it around ∼ 30 keV, coupled with the
PL spectral cutoff around ∼ 100 keV (e.g.1). To understand the mass, density, temperature and geometry of
materials surrounding the central engine, all of these information are needed.
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Figure 1. Rough 3D drawing of the FORCE mission. Shown is the configuration in orbit, after deploying ∼ 10 m of
extensible optical bench.
The Hitomi x-ray observatory2 launched in 2016 was characterized by the superb energy resolution ∼ 5 eV
in full-width at half maximum (FWHM) at 0.5–12 keV with the Soft X-ray Spectrometer (SXS) instrument,3
but it also aimed at simultaneous wide-band spectral coverage using the Soft X-ray Imager (SXI),4 an x-ray
CCD imager coupled with the Soft X-ray Telescope (SXT), and the Hard X-ray Imager (HXI)5 coupled with the
Hard X-ray Telescope (HXT)6 providing imaging spectroscopy in the 5–80 keV range, and the Soft Gamma-ray
Detector (SGD) covering up to 600 keV.7 Because Hitomi is not functional now, the current best approach to
obtain wide-band high-sensitivity imaging spectroscopic data is combining NuSTAR,8 with its ∼ 1′ half-power
diameter (HPD) imaging spectroscopy in 3–80 keV, coupled with soft x-ray observatories, such as Chandra and
XMM-Newton.
FORCE (Focusing On Relativistic universe and Cosmic Evolution) is a mission we are proposing to provide
a wide-band imaging spectroscopy in 1–80 keV with a good angular resolution of ∼ 10′′ HPD.9 The mission
is proposed for launch around mid-2020s, to provide an order of magnitude better sensitivity than NuSTAR
or Hitomi/HXI-HXT. The satellite is relatively small, with total weight of ∼ 1.2 tonnes, to fit within the
envelope of JAXA Epsilon rocket. As shown in Figure 1, the long focal length important for hard x-ray optics is
obtained by using an extensible optical bench (EOB). In this paper, we will shortly summarize the science aims
(§2), requirements and on-board instrument’s design (§3), and its synergy with the soft x-ray missions, such as
XARM,10 ATHENA and/or Lynx (§4).
2. SCIENCE AIMS OF THE FORCE MISSION
The primary science goal of FORCE is to identify and estimate the number of “missing black holes”; fami-
lies of black holes (BHs) of which populations and evolutions are not well known. Namely, highly-obscured
super-massive BHs (SMBHs) with a mass of MBH ∼ 10
5–1011 M⊙ (M⊙ is a solar mass), yet unidentified
intermediate-mass BHs (IMBHs) withMBH ∼ 10
2–104, and isolated stellar-mass BHs withMBH ∼ 10–10
2 which
are estimated to be numerous. Number density of these BHs are key to deepen the understanding of evolution
paths of the universe. Other point-source will be investigated as well, such as neutron star (NS) low-mass x-ray
binaries (LMXBs) and high-mass X-ray binaries, radio pulsars, magnetors, and cataclysmic variables (white
dwarf binaries). In addition, adoption of a detector with low background (BGD) level combined with a good
angular resolution provides ideal probe to study diffuse emission from hottest and non-thermal plasmas.
2.1 Search for missing BHs
2.1.1 Highly obscured AGN
Cosmic X-ray Background (CXB) is a summation of x-ray emission from numerous AGNs, with a variety of
luminosity, a variety of absorption column density (NH), located in a variety of redshift (e.g.
11). AGN emission
originates from mass accretion to SMBHs, and therefore is related to their growth. To understand the AGN
evolution history in the universe, multiwavelength surveys including X-ray ones are extensively performed.
A wide-band x-ray spectroscopy study by Suzaku and Swift in the 0.5–40 keV band has revealed there are
also a variety in the covering fraction of absorbing materials around the SMBH in AGNs.12, 13 This fraction
can be measured by comparing the flux of scattered soft x-ray component to that of the primary PL emission
strongly absorbed and only seen in the hard x-ray band. In other words, only with wide-band x-ray spectra.
AGNs with large covering fraction of matter are called “buried AGNs”. Kawamuro et al. (2016)14 compared the
hard x-ray (10–50 keV) luminosity of obscured AGNs (both buried and non-buried) to that of the MIR emission
lines from highly ionized ions in the narrow line region, namely the [O IV] 26µm line. They found that buried
AGNs with similar [O IV] 26µm emission line intensity have about an order of magnitude larger x-ray luminosity
than non-buried AGNs. A good example is a galaxy NGC 4945, which was dim in the [Ne V] 14.3 µm line
(also considered to be related to AGN activity) but has very high hard x-ray luminosity and now identified as
hosting an AGN.15, 16 These buried AGNs are known to be ubiquitous in galaxies with high star-formation rates
(e.g.17), and hence are key objects to understand the origin of the galaxy-SMBH co-evolution. X-ray surveys are
indispensable to search for these populations in the most complete manner.
Using data from existing x-ray observatories, Ueda et al. (2014)11 derived the number density of Compton-
thin AGNs (NH < 10
−24 cm−2) sorted with luminosity, as shown in the left panel of Figure 2. They found
a striking result that, more luminous AGN has a peak in their number density in the past. In general, AGN
luminosity is considered to be related to the SMBH mass, in view of Eddington luminosity. Combining these
two aspects, their finding suggest that SMBHs with larger mass have evolved earlier, and those with smaller
mass evolve later. This is named “downsizing” and remains one of the big mysteries in the BH evolution of the
universe. However, the “down sizing” is not observationally confirmed in Compton-thick AGNs, in which AGNs
with higher mass accretion rate are considered to reside. To address this question, high sensitivity in hard x-ray
band is required.
In Figure 2-left, we overlaid the approximate sensitivity range of NuSTAR, assuming that Compton-thick
AGN has similar evolution and number density as Compton-thin ones. It shows that we need an order of magni-
tude better sensitivity to actually follow the evolution peak. From here, we derived the sensitivity requirement
in 10–40 keV band of FORCE to be FX(10 − 40 keV) = 3 × 10
−15 erg cm−2 s−1 keV−1. With this sensitivity
limit, FORCE will be able to resolve ∼ 80% of the CXB emission into point sources, and hence identify the
origins of the CXB in its 30 keV flux peak.
In the right panel of Figure 2, we presented the sensitivity as a function of exposure and angular resolution.
With smaller mirror HPD, the BGD contaminating in the source integration region decreases, making the
statistical sensitivity limit better. But, ultimately, the angular resolution itself will define the limiting sensitivity
in view of confusion. From the plot, an angular resolution of better than 15′′ HPD, or somewhere around 10′′
HPD, is needed to achieve the required sensitivity of 3× 10−15 erg cm−2 s−1 keV−1. If the effective area of the
mission is 350 cm2 at 30 keV (similar to NuSTAR and Hitomi/HXI-HXT), reaching the sensitivity will require
1 Ms of observation. FORCE will be able to evaluate the luminosity-sorted evolution peaks and these results
will provide unprecedented clue to understand AGN evolution, including both Compton-thin and thick AGNs.
2.1.2 Intermediate and stellar mass BHs
The detection of gravitational wave from binary BH merger forming a BH with ∼ 62 M⊙
18 motivated us
to revisit intermediate-mass BHs with MBH ∼ 10
2 − 104 M⊙, which connects between SMBHs and stellar-
mass BHs. Ultra-luminous and hyper-luminous X-ray sources (ULXs and HLXs) are x-ray point sources with
luminosity largely exceeding the Eddington limit of a NS with as mass of M ∼ 1.4 M⊙ (e.g.
19 and20). Even
though existence of ULXs was known from late 1970s, their central engine are not well known yet. Recent
detections of clear pulsation from a few ULXs (e.g.21) have shown that, at least a certain fraction of ULXs
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Figure 2. (left) Number density of Compton-thin AGNs with various luminosity, from Ueda et al. (2014).11 Shown
in gray is the sources observable with NuSTAR (thick light gray) and FORCE (thick dark gray). Number density of
Compton-thick AGNs is not well known, which is the finding space for FORCE. (right) Plot of limiting sensitivity as a
function of exposure. Four cases of imaging sharpness are presented; 100′′ HPD representing Hitomi/HXI-HXT, and 20′′,
15′′, and 10′′ for comparison. Modified from Mori et al. (2016).9 See text for detail.
are NSs with super-Eddington luminosity. In parallel, a theoretical model of a mass-accreting BH to reproduce
the super-Eddington luminosity, and the characteristic spectral shapes of ULXs, has been proposed.22 It is now
also expanded to super-critical accretion on to a NS.23 High-sensitivity wide-band spectral observation study of
ULX/HLX coupled with progress in theoretical study will provide good tool to understand the central engine
of these sources. Because these sources are located within neighboring galaxies, angular resolution to avoid
confusion is critically important, as shown by the NuSTAR observations (e.g.24).
Amount of stellar mass BHs reflects the initial stellar mass function and evolution paths of high-mass star
in our galaxy. From simple estimation, we expect 1–10 millions of stellar-mass BHs in our galaxy, and majority
of them are considered to be isolated, and hence dim in all frequency bands. To date, we know only 20–30
of stellar mass BH, most of which are detected as x-ray flareup of binary systems. Survey for quiescent BH-
LMXB (e.g.25, 26), and isolate BHs27, 28 interacting with molecular clouds are important approach to address
this question. What is also interesting is the detection of high-velocity compact molecular clouds in the radio
band, which is proposed to be a remnant of interaction between IMBH and these clouds (e.g.29). X-ray emission
from these sources are considered to be dim (e.g.9). Because they also reside in densely populated galactic ridge
regions, identification from other x-ray sources is needed. Wide-band x-ray spectra is suggested to be distinctly
non-thermal and hard if the central engine is a BH,30 and FORCE can provide key information here.
2.1.3 other point source sciences
Among many other candidate science targets on point source observation with FORCE, we would like to point
out two different aspects. First of all, wide band coverage from soft x-rays (down to ∼ 1 keV) to hard x-rays (up
to ∼ 80 keV) provides diagnosing power to understand the physical nature of the source. It provides a tool to
identify how many components are contributing in the AGN x-ray spectra (e.g.31), and identifying the relation
between enigmatic hard components and soft component in magnetars.32 Also, with the required sensitivity,
FORCE can detect the x-ray afterglow33 of the NS-NS merger event GW170817,34 although the physical aspects
of such observations is not clear at this moment. With the improving gravitational wave observations, and large
optical transient survey such as LSST coming soon, wide-band and high-sensitivity x-ray follow up observation
capability provides strong tool.
2.2 impact on diffuse source science
The low and stable detector BGD combined with modest effective area of FORCE also provides ideal tool to
observe diffuse hard x-ray emission. Notably, the good angular resolution to resolve most of the CXB point
sources means the fluctuation of CXB flux caused by the number distribution of these point sources (called
“CXB fluctuation”) can be significantly reduced. In other words, “almost CXB free observation” is possible and
this will greatly improve the accuracy of dim diffuse source measurements. For example, the post-shock electron
temperature of binary cluster merger CIZA J1358.9-475035 is as high as kT ∼ 12 keV, and hence cannot be well
determined with soft x-ray observatories such as Chandra and XMM-Newton. NuSTAR observation of the Bullet
Cluster showed that hard x-ray imaging spectroscopy supplemented by soft x-ray one can well determine the
electron temperature.36 At the same time, they showed that low and stable detector BGD is critical to identify
the hottest component or non-thermal component. FORCE will greatly improve the sensitivity for hard diffuse
source, by providing ∼ 5 times better angular resolution and ∼ 4 times lower BGD (see §3).
3. TECHNICAL ASPECTS OF THE FORCE MISSION
3.1 technical requirements and overall instrument design
The FORCE mission is designed to carry three sets of high-resolution hard x-ray telescopes (HXT) and wide-
band hybrid x-ray imagers (WHXI). The HXTs has a focal length of 10 m, and an EOB is adopted to position
the imagers at their foci in orbit (Figure 1). The top level requirement is to be able to detect a source with a
flux as low as FX = 3 × 10
−15 erg cm−2 s−1 keV−1 within 1 Ms. All the other flown-down requirements are
listed in Table 1 (see also9).
Table 1. Requirement list for FORCE.
Angular resolution (HPD) < 15′′
Multi-layer Coating Pt/C
Field of view (50% response) at 30 keV > 7′ × 7′
Effective Area at 30 keV 370 cm2
Energy range 1–80 keV
Energy resolution (FWHM) at 6 keV < 300 eV
at 60 keV < 1 keV
Background comparable to those of Hitomi/HXI-HXT
(1–3×10−4 cts s−1 cm−2 keV−1)
Timing resolution several ×10 µs
Working temperature −20± 1 ◦C
3.2 the hard x-ray telescope (HXT)
The technology is based on light-weight, polished Si mirror developed by the team at NASA/GSFC37 (see also
W. W Zhang et al. this conference). Recently, the team fabricated a single pair of mirror, and has shown ∼ 2′′.2
HPD angular resolution with ∼ 4 keV x-rays. Based on the technology, the HXT of FORCE is to be made of
the Si substrate with 400 µm thickness, and has a diameter of 440 mm.
As the reflecting surface of the mirror, we plan to deposit a super-mirror multi-layer coating made of Pt/C to
enhance the photon reflectivity in the hard x-ray band, above ∼ 15 keV. The base-line technology is those used
for Hitomi/HXT. Super-mirror coating on a fine angular resolution thin mirror substrate can cause two types
of degradation in its angular resolution. The first one is the roughness of the coating, which scatters x-rays and
reduces the reflectivity. Using a test Si substrate deposited with Pt/C multi-layer, we are verifying the image
sharpness using the 30 keV beam-line at SPring-8. The second one is the stress between the Si substrate and
multi-layer coating, which will modify the shape of the substrate. Currently technologies to counter this stress
is under development. Because the optics is the key to the success of this mission, we are also sharing some
informations with other hard x-ray optics developers, to control the development risk.
3.3 the wide-band hybrid x-ray imager
Schematic view of the WHXI system is presented in Figure 3. The overall detector design is based on that of
Hitomi/HXI.5 The HXI was made of the imager part and the active-shield part which was almost completely
surrounding the former. Active shield was made of 1–3 cm thick BGO scintillator crystals to perform anti-
coincidence. The imager was made of four layers of double-sided Si strip detectors (DSSDs), and a CdTe double-
sided detector (CdTe-DSD). The five layers of imagers provided “depth sensing” so that optimized “thickness”
can be selected. For example, below ∼ 12 keV the first DSSD absorbs all photons, while any signal detected in
other layers is BGD. Combined with deep active shielding, the HXI was designed to provide the lowest detector
BGD ever achieved in the hard x-ray band.
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 Sensor Layer : 50 - 725 m
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Figure 3. Concept drawing of the WHXI detector.
When the tragedy caused the loss of the Hitomi mission, the HXI was fully operational in orbit and just
started the scientific observations. Based on the in-orbit performance, it was shown that the detector BGD
level was as low as 1–3×10−4 cts s−1 cm−2 keV−1 at 5–80 keV. This number is ∼ 4 times lower than those of
NuSTAR FPM especially around 5–30 keV.5 By detailed analysis of the BGD properties, we also found that the
component originating from ∼ 100 keV electrons dominating below ∼ 30 keV, can be reduced significantly if
additional shielding were to be added. In other words, BGD level can be reduced further by 30–50% (see Hagino
K. et al. this conference).
The largest modification of the WHXI from Hitomi/HXI is the adoption of Si-SOIPIX imager in place of
the DSSDs, to expand the soft x-ray coverage from 5 keV down to 1 keV. The Si-SOIPIX imager is a low-noise
Si-CMOS imager specifically designed to have a self triggering capability; detect the x-ray photon absorbed
and trigger the data acquisition sequence by itself. It hence has a time tagging accuracy of < 10 µs. With
this functionality, the imager can perform anti-coincidence while also covering down to 1 keV. It also provides
high throughput rate (as high as 2 kHz designed). In the current design, the Si-SOIPIX imager has an area of
44× 44 mm2, covering 15′ × 15′ FoV. Below the Si imager, a CdTe-DSD is located to cover hard x-ray photons
from ∼ 20 to 80 keV, heritage of Hitomi/HXI. It has a size of 30× 30 mm2, covering 10′× 10′ FoV. To minimize
the de-focusing effect, the two imagers are located within 4 mm distance. See Tsuru G. T. et al. in this conference
for the most updated status of the SOIPIX imager.
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Figure 4. Effective area comparison between ATHENA and FORCE.
3.4 mission design progress
Currently, the FORCE mission is in concept phase, and we are planning to propose this mission to be launched at
mid-2020s. Because it needs long focal length and good attitude determination, some key technological challenges
must be solved. Because the satellite is very long, gravitational tidal force is non-negligible. The attitude control
system needs to be carefully designed so that the reaction wheels have enough power, and magnetic torquers are
powerful enough to effectively damp the angular momentum accumulated in orbit. The EOB is planned to be
an enlarged version of those used in Hitomi. Attitude determination is provided by the star tracker at the top
of the satellite, co-alligned to the observational axis. Alignment monitoring system to measure the distortion of
the optical bench is also adopted.
4. IMPORTANCE OF HARD X-RAY IMAGING SPECTROSCOPY MISSION IN
2030S
In early 2030s, ESA will be operating the large soft x-ray observatory ATHENA in orbit. NASA is also starting
a study on similarly large soft x-ray mission Lynx. On the other hand, contemporary hard x-ray coverage is
currently lacking. In Figure 4, we compared the effective area of ATHENA and FORCE. It is clear that the
former mission has a huge x-ray collecting area around 1 keV, exceeding 1 m2. On the other hand, the area
rapidly drops above ∼ 3 keV and even crosses with FORCE at around 6 keV. This is simply because the x-ray
optics of ATHENA is optimized for ∼ 1 keV, resulted in a ∼ 3 m diameter large single x-ray optics with a focal
length of 12 m. The FORCE’s optics is optimized around 30 keV. It has similar focal length of 10 m, but carries
three identical mirrors with a diameter of 44 cm. Because layers outside this diameter cannot reflect 30 keV
photons due to too large grazing angle even with the multi-layer coatings, there is no merit in making the optics’
diameter larger.
The resultant effective area comparison is interesting. The effective area at ∼ 6 keV of ATHENA is ∼ 3 times
larger than that of FORCE at 20 keV. This ratio is very similar to that of the sum of four soft x-ray imagers
onboard Suzaku at 6 keV and that of the HXD-PIN at 20 keV. The wide-band capability of Suzaku was the vital
characteristics on providing analyzing power to resolve a few components on AGN emission31 as well as the hard
component in magnetors.32 Combination of ATHENA and FORCE will bring new science, with much improved
sensitivity in both the soft and hard x-ray bands.
5. CONCLUSION
FORCE is a mission for wide-band fine-imaging x-ray observation, covering from 1 to 80 keV, with 15′′ HPD
good angular resolution. It is a 1.2-tonnes small mission proposed to be launched around mid-2020s. With
the high angular-resolution Si mirror with super-mirror coating combined with the lowest and stable BGD of
the WHXI, it is designed to provide a limiting sensitivity as good as FX(10 − 40 keV) = 3 × 10
−15 erg cm−2
s−1 keV−1 within 1 Ms. With its high-sensitivity wide-band coverage, FORCE will probe the new science from
pursuing “missing BHs” and other point-source and diffuse-source sciences as well as providing “additional” band
coverage to forthcoming large soft x-ray observatories.
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